Pituitary prolactin shows an episodic pattern of molecular evolution, with occasional short bursts of rapid change imposed on a generally rather slow evolutionary rate. In mammals, episodes of rapid change occurred in the evolution of primates, cetartiodactyls, rodents and the elephant. The bursts of rapid evolution in cetartiodactyls and rodents were followed by duplications of the prolactin gene that gave rise to large families of prolactin-related proteins including placental lactogens, while in primates the burst was followed by corresponding duplications of the related GH gene. The position in elephant is less clear. Extensive data relating to the genomic sequences of elephant and two additional members of the group Afrotheria are now available, and have been used here to characterize the prolactin genes in these species and explore whether additional prolactin-related genes are present. The results confirm the rapid evolution of elephant (Loxodonta africana) prolactin -the sequence of elephant prolactin is substantially different from that predicted for the ancestral placental mammal. Hyrax (Procavia capensis) prolactin is even more divergent but tenrec (Echinops telfairi) prolactin is strongly conserved. No evidence was obtained from searches of public databases for additional genes encoding prolactinlike proteins in any of these species. Detailed analysis of evolutionary rates, and other factors, indicates that the episode of rapid change in hyrax, and probably elephant, was adaptive, though the nature of the associated biological change(s) is not clear.
Introduction
Prolactin is a protein hormone found in the pituitary gland of most vertebrates, which in mammals plays a central role in the regulation of mammary growth and lactation. In most mammals, prolactin is encoded by a single gene, but important exceptions occur in rodents (best characterized in rat and mouse) and ruminants; in each of these groups there is an extensive cluster of genes encoding pituitary prolactin and a number of closely related proteins including placental lactogens (Wallis 1992 , Takahashi 2006 , Ushizawa & Hashizume 2006 , Soares et al. 2007 . Previous studies on sequences of mammalian prolactins have shown it to be generally a strongly conserved protein, but in primates, cetartiodactyls (Cetacea plus Artiodactyla), rodents and elephant bursts of rapid evolution have led to prolactins that differ considerably from those of other mammals (Wallis 1981 , 2000 , 2001 , Ohta 1993 , Forsyth & Wallis 2002 , Li et al. 2005a . Such a pattern of episodic evolution is also seen in various other protein hormones (Wallis 2001) . The bursts of rapid change in prolactin seen in rodents and cetartiodactyls appear to have preceded the duplications of the prolactin gene that have occurred in these groups. There is no such duplication of the prolactin gene in primates, but there has been duplication of the related GH gene (Chen et al. 1989 , 2006 , Li et al. 2005b , Gonzalez-Alvarez et al. 2006 , giving rise to placental lactogens, at least in Old World monkeys and apes, and this may relate to the changes seen in prolactin. In the case of elephant prolactin, the available data are limited to a study of the prolactin sequence at the protein level ; no information is available about the occurrence of placental lactogens in this species.
The recently available genome sequences for a variety of mammals allow the sequences of specific genes to be derived for various species. This approach has recently been used to derive the sequence of elephant GH, confirming that this is strongly conserved (Wallis 2008) . Here, this comparative genomics approach is extended to the study of elephant prolactin and that of two other members of the mammalian group Afrotheria (to which elephant belongs) for which genomic data are available (hyrax, Procavia capensis and tenrec, Echinops telfairi). Molecular studies on mammalian phylogeny suggest that the Afrotheria diverged early during evolution of Eutheria (Murphy et al. 2004) . The approach taken has established that: 1) these Afrotherian species do not appear to have families of prolactin-like genes -if such additional genes do exist in any of these species they must be considerably more different from pituitary prolactin than is the case for the prolactin-like genes seen in rodents or ruminants; 2) tenrec prolactin is strongly conserved but the evolution of elephant and hyrax prolactins has been very rapid, probably driven by positive selection. The evolution of prolactin in Afrotheria thus shows a pattern of episodes of rapid change imposed on a slow basal evolutionary rate, as has previously been seen for other mammalian prolactins, and indeed many other mammalian protein hormones (Wallis 2000 (Wallis , 2001 . However, unlike the episodes of accelerated evolution of prolactin seen in rodents, ruminants and primates, the bursts of rapid change seen in Afrotheria are not followed by duplications of the prolactin or GH genes leading to families of prolactin-or GH-like genes expressed in the placenta.
Materials and Methods

DNA sequence data
Genomic sequence data were obtained from the ensembl (release 50; http://www.ensembl.org; Hubbard et al. 2007) or ncbi (http://www.ncbi.nlm.nih.gov/traces) websites, separately for each of the species studied, by searching ensembl assemblies, and/or the ncbi trace archive, using the BLASTor BLAT search methods (Altschul et al. 1990) . Table 1 summarizes the data extracted for Afrotherian species for which a substantial amount of genomic sequence is available, together with dog and opossum, used as out-groups. The prolactin gene sequences derived for the species studied here are given at the following website: http://www.lifesci.sussex. ac.uk/home/Mike_Wallis/Prolactin/Afro-PRL/.
Assessment of sequence quality
The reliability of the available sequence data was assessed in two ways, using the approach taken previously (Wallis 2008) . First, examination of traces allowed direct identification of difficult regions; in a few cases, this led to changes being made in the sequence derived from the ensembl database. In many cases, regions of sequence corresponding to the prolactin gene were covered by two or more sequence runs, often on both strands, but this was not always the case. In general, the traces indicated that most of the data are of high quality -exceptions are noted below.
The second criterion used to judge the reliability of the data was comparison of sequences obtained from the genomic projects with those available previously (usually protein or cDNA sequence). This was possible for elephant, dog and opossum prolactin sequences. Discrepancies were found in each of these cases and are discussed in detail below.
Sequence analysis
Prolactin gene and protein sequences were aligned with those available for other mammalian prolactins using the Clustalw programme (Higgins & Sharp 1988) , followed by manual adjustment where necessary. A putative sequence for the prolactin of the ancestral placental mammal (a.p.m.) was derived from this (Wallis 2000) . Since all orders of placental mammals arose at approximately the same point in evolutionary time, this was constructed as a consensus sequence, with each eutherian order being given equal weight, and the marsupial sequences being used as out-groups to resolve ambiguities. Nonsynonymous (d N ) and synonymous (d S ) substitution rates in coding sequences were determined using the codeml programme in the paml (phylogenetic analysis by maximum likelihood) package of Yang (2007) with a defined tree based on that in Murphy et al. (2004) . Evolutionary rates for DNA sequences (corrected substitution rates) were determined using the baseml programme in the same package, with the HKY85 model. Phylogenetic trees were constructed using data from codeml and the programme TREEVIEW (Page 1996) . 3D structures were assessed using the molecular modelling programme rasmol. Accessibility of residues within the 3D structure was determined using the programme NACCESS (Hubbard & Thornton 1993) . The ensembl ids refer to ensembl release 50 or traces obtained via the nbci Trace Server. The two numbers following chromosome or scaffold id are the bases corresponding to the beginning and end of the available CDS plus introns, from the first base of the initiating ATG to the last base of the stop codon.
a Complete means complete sequences for exons 1-5, plus at least some flanking (intron etc) sequence. b Discrepancies between previously-described sequences and sequences derived from genomic data are discussed in the text.
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Results and discussion
Prolactin gene sequences
The genomic data analysed are summarized in Table 1 , and the prolactin gene sequences derived here are available on the website referred to above. Prolactin gene sequences were derived for two Afrotherian species for which no data were previously available: P. capensis (cape rock hyrax) and E. telfairi (tenrec; small Madagascar hedgehog). The prolactin gene sequence was also obtained for Loxodonta africana (African elephant), for which the protein sequence has been described previously . The prolactin gene sequences of dog (Canis familiaris) and a marsupial, Monodelphis domestica (grey short-tailed opossum) were also obtained and used as out-groups. In each case, the gene sequence was assessed on the basis of the known organization of the human prolactin gene (Truong et al. 1984) , and shown to accord with the five-exon structure of this gene. The alternative 5 0 untranslated exon found about 5800 nucleotides upstream of the pituitary start site in the human prolactin gene (DiMattia et al. 1990 , Berwaer et al. 1994 was not detected in the species studied here.
The elephant, dog and opossum prolactin gene sequences can be checked against data previously available, providing a basis for assessing the reliability of the approach used.
The sequence of elephant prolactin derived from the genomic data differed significantly from the previously published protein sequence ). These differences are discussed in detail below; there seems to be little discrepancy in terms of the original data. A cDNA sequence for dog prolactin is available in the ncbi/embl/ddbj database (AY741405), but this sequence differs substantially from that derived from the genomic sequence. The prolactin gene sequence derived from the genome is of high quality, with all regions covered by multiple traces, covering both DNA strands. It has been used previously (Wallis et al. 2005 , Alam et al. 2006 ); dog prolactin is very similar to pig prolactin. No indication was found of more than one prolactin-like gene in the dog genome, on the basis of extensive BLAT searches using dog, human and pig prolactin coding sequence. This does not completely exclude the possibility of additional prolactin-like genes, but does imply that if they are present they must differ very substantially from the identified gene. The approach taken provides no information about possible splice variants. A cDNA sequence for opossum prolactin is available in the ncbi/embl/ddbj database (AF067726). This differs from the sequence derived from the genome at 12 nt, giving seven differences at the protein level. The genomederived sequence was of high quality, with all these sites covered by 8-12 traces, on both DNA strands. No indication was found of additional prolactin-like genes in the opossum genome. The derived coding sequence was similar to that reported for prolactin from two other marsupials -brushtail possum (Trichosurus vulpecula) and brown bandicoot (Isoodon macrourus; Curlewis et al. 1998 , Veitch et al. 2006 .
For each of the Afrotherian prolactin gene sequences, analysis of traces indicated some potential polymorphism, which is indicated on the sequences on the website. For elephant and tenrec, this would not affect the derived amino acid sequence, but for hyrax two potential polymorphisms could alter the protein sequence. Although polymorphism seems the most likely explanation for the variation observed, occurrence of more than one very similar gene following gene duplication cannot be ruled out. But for none of these species was there any evidence for additional genes encoding distinctly different prolactin-like proteins.
Novel Afrotherian prolactin sequences
The derived amino acid sequences of elephant, hyrax and tenrec prolactins are included in the alignment given in Fig. 1 .
As indicated above, the amino acid sequence derived for elephant prolactin was substantially different (at 15 residues) from that described by Li et al. (1989) . The latter was produced by determining amino acid compositions and partial sequences of tryptic peptides and aligning these using ovine prolactin as a template. Detailed comparison shows that the expected amino acid compositions for tryptic peptides based on the genome-derived sequence are identical to those given by Li et al. (1989) in all but one case. The discrepancies are due to the assumption that the ovine sequence provided a satisfactory basis for alignment and sequence deduction, which for these peptides (in retrospect) was not the case, probably because of the substantial divergence between the elephant and ovine sequences. A similar approach was used for elephant GH (Hulmes et al. 1989) , and gave a sequence identical to that subsequently deduced from the genomic sequence (Wallis 2008) , but here the difference from the template was much less.
There is thus little disagreement between the data provided by Li et al. (1989) and the elephant prolactin sequence derived from the genome. Detailed examination of the sequence traces indicates that the data for the elephant prolactin coding sequence (CDS) are of high quality, with several sequence runs covering each exon, on both strands, with no discrepancies. The genomic sequence also provides the signal peptide sequence. Despite the differences between the sequence described previously and that obtained from the genome, the conclusion that the elephant prolactin sequence diverges considerably from that derived for the ancestral placental mammal (a.p.m.) is unchanged -elephant and a.p.m. sequences differ at 49 residues (Fig. 1) .
The sequence derived for hyrax prolactin is even more different from that of the a.p.m. than is that of elephantdiffering at 94 residues, 47% of all sites. On the other hand, the sequence derived for tenrec prolactin is conserved, differing from that of the a.p.m. at only eight sites (Fig. 1) . Thus, the very variable evolutionary rates previously identified for prolactin across the mammals (Wallis 1981 (Wallis , 2000 also apply within the Afrotheria.
The sequence of dog prolactin is very similar to that predicted for the a.p.m. of placental mammals, and to other conserved prolactin sequences, such as those of pig and horse (Fig. 1) . It was used here as a reference/out-group sequence for evaluation of the Afrotherian sequences, as a conserved prolactin from a mammal with a well-characterized genomic sequence. The sequence of opossum prolactin is also quite strongly conserved, differing little from the a.p.m., providing a suitable out-group for eutherian prolactins.
A phylogenetic tree based on the sequences given in Fig. 1 (not shown, but similar to the tree derived for nonsynonymous sites in the coding sequence, see below) confirmed the slow basal rate of evolution for mammalian prolactins, and emphasized the remarkable variability within Afrotheria.
Adaptive evolution of prolactin in Afrotheria
Episodes of rapid change of the sort identified in lineages leading to elephant and hyrax prolactins can result from two processes: 1) loss of function, so that neutral substitutions accumulate rapidly because the normal purifying selection is relaxed and 2) functional change with the rapid accumulation of substitutions due to adaptive selection. An effective way of distinguishing between these is to compare rates of non synonymous (d N ) and synonymous (d S ) substitutions in coding sequences -substitutions that respectively do and do not change the amino acid sequence (Yang & Bielawski 2000) . If the sequence of a protein is being maintained by d N and d S values were determined using an alignment of mammalian prolactin coding sequences (excluding signal sequences) and the programme codeml, model 1 (separate Figure 1 Alignment of mammalian prolactin sequences. A sequence for the prolactin of the ancestral placental mammal (a.p.m) was derived (essentially an appropriately weighted consensus sequence) and is shown in full. Other sequences are compared with thisindicates identity, * indicates a gap. Afrotherian prolactin sequences described in this paper are highlighted in grey. Some cetartiodactyl and primate sequences have been omitted. Numbers on the right-hand side are differences from a.p.m. ratio for each branch). The values obtained were used to construct the phylogenetic trees shown in Fig. 2 . As expected, rates of evolution based on d S are relatively uniform, but those based on d N values are very variable, reflecting particularly the episodes of rapid change identified for protein sequences. The episodes of rapid change on the lineages leading to elephant and hyrax contrast with the slow evolution seen for tenrec.
d N /d S ratios for branches leading to elephant (0 . 99) and hyrax (1 . 13) are elevated substantially compared with that on the branch leading to tenrec (0 . 046). However, use of model 2 in codeml (2 d N /d S ratios for branches) showed that the elevated ratio for hyrax was not significantly greater than 1 . 0.
The more powerful branch-sites method within codeml allows d N /d S ratio determination to be made with allowance for rate variation between sites (Yang & Nielsen 2002) . When this was applied, using codeml model A, the d N /d S ratio for the branch leading to hyrax was 2 . 50, significantly greater than 1 . 0 (P!0 . 01; likelihood ratio test). This provides strong evidence for adaptive evolution as the basis for the episode of rapid change on the branch leading to hyrax.
Varying evolutionary rates within Afrotherian prolactin genes
A disadvantage of the use of d N /d S ratios is that d S may be correlated with d N (Mouchiroud et al. 1995) . In this case, the elevation of d N may be accompanied by elevation of d S , so that d S is not really a suitable reference. An alternative approach is to compare the rate of evolution of exons and introns within a gene. Normally, exons (constrained by purifying selection) evolve more slowly than introns (little if at all constrained); if the exon rate increases to a level above that of adjacent introns, then adaptive change is indicated. Accordingly, rates of evolution for exons and w300 bases of adjacent introns (a limitation necessary because not all intron sequences were complete) were determined using the programme baseml (Yang 1994 ) and alignments of human, dog, tenrec, elephant and hyrax DNA (opossum could not be used as an out-group because of problems aligning introns). Results are shown in Fig. 3 . The pattern for dog and tenrec prolactin genes is characteristic of fairly slowly evolving genes (Graur & Li 2000) , with in every case the evolutionary rate for an exon being much less than that of the adjacent intron. For hyrax the situation is reversed; the mean rate for exons is 2 . 3!that for introns (PZ0 . 002, Student's t-test), again providing strong support for adaptive evolution. For elephant the mean rate for exons is 1 . 49!greater than that for introns, but the difference is not significant.
Distribution of substitutions in the 3D structure
The 3D structure of human prolactin has been determined using nmr spectroscopy (Keeler et al. 2003 , Teilum et al. 2005 . The distribution of the sites that change along the branches leading to hyrax, elephant and tenrec was explored (Table 2 ). There is a tendency for residues in the central core (identified as residues with solvent accessibility less than 10%) and receptor binding sites (as given by Teilum et al. 2005) to be relatively conserved, but only in the case of elephant is this significant (PZ0 . 015, Fisher's exact test, Zhang et al. 1998, with application of Bonferroni correction). Overall, there is no strikingly non-random distribution of substitutions of the sort observed for GH (Wallis 2008) .
Mechanisms underlying episodes of rapid evolution -absence of placental lactogens in Afrotherians
Previous studies have established that prolactin, like several other mammalian polypeptide hormones, shows an episodic pattern of evolution. This work has established that this is true also of three orders of Afrotherian mammals. The rapid evolution on the lineage leading to elephant has been confirmed, PRL of the tenrec is strongly conserved, but PRL of the hyrax has evolved at a remarkably accelerated rate.
In the case of the hyrax, study of d N /d S ratios, and the observation that exons are evolving faster than introns, strongly indicate that the accelerated evolution was driven by adaptive selection. In the case of the elephant the case is less clear cut, but the fact that elephant prolactin is produced in high yield in the pituitary gland, and retains biological activity (Li et al. 1987) , militates against loss of function as the explanation of accelerated evolution. If the bursts of rapid evolution seen in these hormones are driven by adaptive selection, what is the nature of the functional changes involved? Too little is known about the biological properties and functions of prolactin in Afrotheria to allow firm conclusions to be drawn, but it could result from the process of function switching (Wallis 1997 , Forsyth & Wallis 2002 . If prolactin acquired a second function, the importance of which fluctuated over time, each switch (fluctuation) would lead to adaptation and additional substitutions. Repeated fluctuations could lead to substantial sequence change with relatively little change in function. Another explanation for rapid change could be maternalfoetal competition (Haig 2008) , although for this to be fully effective gene imprinting may be necessary, about which no information is available for Afrotherian prolactins.
In other groups where prolactin evolution shows marked acceleration, gene duplication is also found. In ruminants and rodents, multiple prolactin gene duplications have given rise to extensive families of prolactin-related genes, expressed mainly in the placenta, and with diverse functions (Wallis 1992 , Takahashi 2006 , Ushizawa & Hashizume 2006 , Soares et al. 2007 . In primates, the prolactin gene is not duplicated, but there is duplication of the GH gene, and GH in at least some primates possesses lactogenic activity. In the case of Afrotheria careful searching of the genomic data bases and Trace Archives has revealed no evidence for additional genes encoding prolactin-like proteins. Similarly, no evidence for duplication of the GH gene in elephant or hyrax was obtained (Wallis 2008 ). This may be because such genes are too diverged from prolactin (or GH) itself to allow detection, but if this is the case the divergence must be very substantial. Searching bovine, rat and mouse Trace Archives using homologous or heterologous prolactin CDS sequences revealed multiple prolactin-like genes, clearly reflecting the Figure 3 Evolutionary rates of exons and introns from prolactin sequences of dog, tenrec, elephant and hyrax. Rates were determined using the baseml programme, and are expressed as substitutions per nucleotide site. Grey columns, total CDS; open columns, introns; black columns, exons. Exon 1 is not included because its CDS is too short to be useful. additional prolactin-like genes in these species, so if additional prolactin-like genes do exist in tenrec, elephant or hyrax they must be more divergent than is the case for the ruminant or rodent prolactin gene families. It thus seems likely that the rapid evolution of prolactin in lineages leading to elephant and hyrax is not associated with duplication of prolactin or GH genes in these species. It should be noted, however, that the duplications that gave rise to families of prolactin-like genes in ruminants and rodents appear to have occurred after the episodes of rapid evolution in these groups. In Afrotheria, therefore, the mechanisms leading to rapid evolution of prolactin may have been similar to those occurring in ruminants and rodents, but without subsequent duplications of the prolactin gene, at least in the species considered here.
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